Background: The second-line drugs recommended to treat drug-resistant TB are toxic, expensive and difficult to procure. Given increasing resistance, the need for additional anti-TB drugs has become more urgent. But new drugs take time to develop and are expensive. Some commercially available drugs have reported antimycobacterial activity but are not routinely used because supporting laboratory and clinical evidence is sparse.
Introduction
Drug-resistant TB has become a major public health problem in many nations. When Mycobacterium tuberculosis is resistant to at least isoniazid and rifampicin (known as MDR-TB), it becomes exceedingly difficult to treat, requiring prolonged treatment with multiple second-line drugs that are less effective, much more toxic and expensive, and often difficult to procure.
Despite the urgent need for better treatments, development of new drugs is slow because they must be proved safe in humans. However, many drugs were developed for a specific indication and later proved to be effective for other, unrelated conditions. Several commercially available drugs have been reported to have anti-mycobacterial activity but are currently not recommended for routine use in the treatment of MDR-TB because supporting laboratory and clinical evidence is considered insufficient. 1, 2 We sought to determine the in vitro efficacy against MDR M. tuberculosis of nine such drugs, comparing MICs with their reported pharmacokinetic (PK) and pharmacodynamic (PD) properties: trimethoprim/sulfamethoxazole, mefloquine, thioridazine, clofazimine, amoxicillin/clavulanate, meropenem/clavulanate, nitazoxanide, linezolid and oxyphenbutazone.
For each drug, there is evidence of activity against M. tuberculosis, they are widely available and most are relatively inexpensive with V C The Author 2017. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For Permissions, please email: journals.permissions@oup.com.
known safety profiles; all but oxyphenbutazone are approved by the US FDA. With the exception of linezolid, robust data on their activity against drug-resistant M. tuberculosis are limited, but if additional evidence demonstrates efficacy, they could be re-purposed for MDR-TB, substantially expanding the current armamentarium.
Materials and methods

Study isolates
We selected 228 MDR M. tuberculosis isolates, including 160 isolates that were taken at the beginning of MDR-TB therapy from unique individuals (initial isolates) and 68 isolates from later in the course of MDR-TB therapy from some of those same individuals (follow-up isolates; follow-up range 2-22 months). We purposely selected some isolates from all patients who had previous treatment with medications from the same classes of drugs we tested, with the exception of those who had previously been treated with amoxicillin/clavulanate. Because there were many patients who had been treated with amoxicillin/clavulanate, we selected a simple random sample of those patients. These isolates were part of a US CDC study: the Preserving Effective Treatment of Tuberculosis Study (PETTS), a multinational prospective cohort study that investigated the prevalence of and risk factors for resistance to second-line drugs in patients with MDR-TB. 3 Isolates were transferred to Taiwan CDC for drug susceptibility testing. Isolates were subcultured using Middlebrook 7H9 Broth (BBL TM MGIT TM Mycobacteria Growth Indicator Tube, BD, Taipei, Taiwan). We verified pure growth as M. tuberculosis using the p-nitrobenzolic acid inhibition test (Sancordon Inc., Taipei, Taiwan) and checked the growth on a sheep blood agar plate (TSA II   TM , BD, Taipei, Taiwan) and with a rapid molecular test.
Antimicrobial drugs
Pure powders of linezolid, trimethoprim, sulfamethoxazole, mefloquine, thioridazine, clofazimine, amoxicillin, meropenem and nitazoxanide were obtained from US Pharmacopeia. Powders of isoniazid and clavulanate were from Sigma-Aldrich Chemie GmbH. Oxyphenbutazone powder was purchased from Toronto Research Chemicals, Canada. Trimethoprim and amoxicillin were dissolved in 0.1 N HCl; sulfamethoxazole and mefloquine were dissolved in NaOH and ethanol, respectively; thioridazine, clofazimine, nitazoxanide, meropenem and oxyphenbutazone were dissolved in DMSO; and clavulanate, isoniazid and linezolid were dissolved in sterile deionized water (maximum solvent concentrations: 0.7% HCl, 1.3% NaOH, 6.4% ethanol, 2.5% distilled water, 2.0% DMSO). Stock solutions were sterilized using 0.22 lm filters and stored in a #80 C freezer.
Drug susceptibility testing
We tested each isolate against the following drugs: trimethoprim/sulfamethoxazole, mefloquine, thioridazine, clofazimine, amoxicillin/clavulanate, meropenem/clavulanate, nitazoxanide, linezolid and oxyphenbutazone. We tested the isolates against isoniazid as a form of control and validation, and to test for differences between patients who had and had not been treated with isoniazid previously. We determined MICs using a broth microdilution method performed in 96-well plates according to a previously reported resazurin microdilution assay (REMA) protocol. 4, 5 We used two plates for testing each isolate. The plates were arrayed as eight rows and 12 columns, and we used a different row for each drug, and tested increasing concentrations of each drug across the columns (Table 1) .
We grew isolates to a uniform OD with a turbidity equivalent to that of a 1.0 McFarland standard in 7H9-S broth, and diluted them 1:10. We diluted each drug, except oxyphenbutazone, at four times the highest desired drug concentration and prepared the plates according to protocol. For oxyphenbutazone, we developed a working solution that was twice the desired concentration for each well, and added that to an equal volume of 7H9 broth; potassium dihydrogen phosphate (KH 2 PO 4 ) was added to 7H9 broth to reach a pH of 5.9-6.0. We added culture dilution to each well containing drug, and followed protocol for incubation and reading. 4 For determination of the quality control range of each drug, we tested 25 aliquots of pansusceptible H37Rv (ATCC V R 27294 TM ) reference strain against the same concentrations of drugs using the same protocols. To determine the effect of the solvent on MIC determination, we assessed the effect of drug-free solvent on H37Rv before testing the dissolved drugs on the study isolates.
Data analysis
According to protocol, the MIC was defined as the lowest drug concentration that prevented the pink colour change. 4 Plates were read by two medical technologists independently, and any discordant readings were adjudicated by a third technologist. We defined the MIC 50 and MIC 90 as the MICs that inhibited growth of 50% and 90% of isolates, respectively. We treated the MIC values as ordinal, and evaluated the differences between MIC values for initial isolates from patients previously treated with a drug from a class which we were testing to patients without previous treatment with a drug from that class. We also evaluated the differences in MIC values between follow-up isolates from patients who were treated with a drug class we were testing during MDR-TB therapy and isolates from different patients who were not treated with a drug from that class. Because MICs were recorded as discrete ordinal values (i.e. not continuous) and were not reliably normally distributed, and numbers of isolates were small, we used the exact Wilcoxon-Mann-Whitney test.
This protocol, and all study activities, were reviewed and approved by Institutional Review Board (IRB) C at the US CDC. This study was also approved by IRB at Taiwan CDC (TwCDCIRB102028).
Results
Of the 228 MDR M. tuberculosis isolates, 7 were contaminated, 1 had no growth and 3 did not have enough bacilli to determine the MICs, which left 217 isolates for analysis. Of these, 153 were initial isolates from unique patients and 64 were follow-up isolates obtained in the course of treatment.
MICs
The MICs of the solvents alone for the H37Rv strain were 14% DMSO, .8% ethanol, .8% NaOH and .8% HCl.
Initial isolates
Frequency histograms of the MICs of each of the tested drugs are shown in Figure 1 . MIC 90 and MIC 50 values of each drug are shown in Table 2 , alongside the MIC 90 values for the H37Rv controls. The range of MICs of each of the drugs varied widely, but had the least variability for trimethoprim/sulfamethoxazole, mefloquine, thioridazine and linezolid. The drugs with documented serum peak levels above the MIC 90 were trimethoprim/ sulfamethoxazole, nitazoxanide, meropenem/clavulanate and linezolid (Tables 2 and 3 ).
Follow-up isolates of MDR-TB cases treated with certain drugs
Among the follow-up isolates, there was no difference in MICs of drugs for isolates from patients who were and were not previously treated with a drug from the same class. In the comparison of follow-up isolates from patients who were and were not treated DST of MDR-TB isolates JAC with a particular drug during MDR-TB therapy, we noted that isolates from patients treated with clofazimine had apparently lower MICs of clofazimine than those who were not treated with the drug (Table 4) .
Discussion
This study represents a large panel of MDR M. tuberculosis isolates tested for susceptibility to a variety of commercially available but unconventional drugs; our findings provide compelling data upon which to base recommendations about further clinical investigation. Of the drugs we tested, linezolid has a sufficient evidence base to support recommendations for a clinical susceptibility breakpoint, 6 and our data may be helpful in refining it. The other drugs have not been rigorously tested for clinical efficacy against M. tuberculosis, and therefore critical concentrations and PK/PD parameters specific to TB have not been established. Our data can be used to help assess the feasibility of their use against M. tuberculosis by comparing MICs with achievable serum and tissue levels of the antibiotic.
Trimethoprim/sulfamethoxazole
Among existing drugs that could easily be repurposed for treatment of MDR-TB, trimethoprim/sulfamethoxazole is one of the most widely available and best studied. Our MIC data are comparable to what has been recently published in other studies, and validate conclusions made from those data. [7] [8] [9] [10] [11] [12] [13] The MICs that we documented were well within the steady-state mean plasma level for both free and total sulfamethoxazole, which has been demonstrated to be the active agent against M. tuberculosis, when it is dosed at 800 mg twice daily (Table 3) . MICs for initial and follow-up isolates were similar in patients treated with trimethoprim/sulfamethoxazole, which is consistent with previous studies that have not demonstrated acquisition of resistance. 9, 14 The bactericidal effect of sulfamethoxazole is thought to be both time and concentration dependent; consequently, the free ratio of AUC 0-24 :MIC is considered an appropriate parameter to predict successful treatment. Although one study has demonstrated that a ratio .25 best predicts the effectiveness of sulfamethoxazole against melioidosis, 15 the threshold for this parameter against TB has not been established. Only one study has investigated the PK/PD properties of trimethoprim/sulfamethoxazole against drugresistant M. tuberculosis, and found that the free AUC 0-24 :MIC ranges widely: from 3 to 29 among nine patients treated with the relatively low dose of 400 mg of sulfamethoxazole daily. 7 Using the AUC 0-24 that has been previously documented for 800 mg daily (471 mgÁh/L) and the MIC 90 (8 mg/L) from our study, the ratio is well over 50. Other studies have suggested a breakpoint of 2/38 mg/L for trimethoprim/sulfamethoxazole; 9,16 all of our isolates would be considered susceptible at that concentration. These findings should encourage focused clinical research on this drug. An ongoing clinical investigation (NCT01832987) should provide data on the clinical use and role of trimethoprim/sulfamethoxazole in treating drug-resistant TB. 17 
Mefloquine
Limited data on the in vitro activity of mefloquine against M. tuberculosis have documented MICs ranging from 8 to 16 mg/L, 18, 19 and our study validates these findings. Serum levels of mefloquine range from 1 to 2 mg/L at standard dosing for malaria (Table 3) , which is well below the demonstrated MICs. But studies have indicated that mefloquine concentrates in macrophages to levels Cavanaugh et al. DST of MDR-TB isolates JAC above the MICs. 18, 20 If this finding can be substantiated, then mefloquine may have clinical utility in the treatment of drug-resistant TB, and further clinical investigation would be warranted.
Thioridazine
Thioridazine inhibited mycobacterial growth at concentrations of 4-8 mg/L, which is similar to what has been previously reported. 21, 22 Thioridazine exhibits linear kinetics within the dose range used clinically, but serum levels exhibit wide intersubject variability and are influenced by age, smoking and polymorphisms of metabolic enzymes. 23, 24 Achievable serum concentrations range between 1 and 21 ng/mL per mg of oral dose, 23 and a standardized 100 mg dose correlated with a mean serum level of 0.3718 mg/L (Table 3) . High serum levels of thioridazine are potentially toxic, and no studies have reported levels .2 mg/L, which seem to be required to kill extracellular M. tuberculosis. But previous research has indicated that thioridazine accumulates in macrophages, and is bactericidal to intracellular organisms at serum levels correlated to conventional dosing. 22 While clinical data on the use of thioridazine for drug-resistant TB are equivocal, 25 there remains a potential role for thioridazine, especially among patients requiring treatment for psychosis, as can be induced by cycloserine, or insomnia, as can be induced by fluoroquinolones. The use of thioridazine should be further investigated with additional clinical and PK/PD studies that measure intracellular levels and activity.
Clofazimine
Previous studies have demonstrated that clofazimine has MICs for M. tuberculosis that typically range from 0.125 to 1.0 mg/L. 26, 27 Our data are comparable, with an MIC 90 of 0.5 mg/L. The C max of clofazimine ranges widely with dose. The PK/PD literature reports a C max of 0.369 mg/L after a single dose of 200 mg (Table 3) , 28 and average plasma levels of 0.7, 1.0 and 1.41 mg/L that correspond to daily doses of 100, 300 and 400 mg respectively; values as high as 4 mg/L have been reported with 600 mg daily dosing. 29, 30 A human study failed to show an early bactericidal effect of clofazimine after 2 weeks of therapy, 26 but data from animal models suggest that clofazimine concentrates slowly in the lungs and macrophages, reaching very high levels, with an observable clinical effect only after a few weeks of therapy. [31] [32] [33] Animal studies have found that clofazimine has the ability to shorten duration of treatment, 34 and clofazimine has recently been shown to improve clinical markers and endpoints in humans with a safety profile comparable to first-line Of specific drugs for isolates from patients who were and were not treated with a drug from that class during MDR-TB treatment, n " 64 NA, not applicable.
a P values were determined using the exact Wilcoxon-Mann-Whitney test, and in the top part of the table reflect the differences between isolates from patients with and without a history of treatment with the drug in question, and in the bottom part of the table reflect the differences between patients who were treated and patients who were not treated with the drug in question during MDR-TB therapy. DST of MDR-TB isolates JAC therapy. 35 It is an integral part of the new, shorter regimen for MDR-TB that is being incorporated and studied around the world (http://www.who.int/tb/publications/Short_TB_regimens.pdf). Previous studies have recommended clofazimine breakpoints that range from 0.25 to 1 mg/L; 27,31 as clofazimine becomes increasingly used for drug-resistant TB, it will be necessary to establish interpretative criteria for in vitro susceptibility testing correlated with PK/PD and clinical data that account for its intracellular accumulation and clinical effect over time. Our finding that isolates from patients treated with clofazimine had apparently lower MICs of clofazimine than isolates from patients not treated with clofazimine is likely a statistical anomaly, given the small number of isolates (Table 4) .
Amoxicillin/clavulanate
Mycobacteria are intrinsically resistant to b-lactams because they produce b-lactamase constitutively, have a relatively impermeable cell wall, and have active efflux transporters. 36 Clavulanate inhibits b-lactamase, permitting the bactericidal activity of b-lactam agents. 37 Some clinical data have demonstrated bactericidal activity of amoxicillin/clavulanate, 38 and laboratory studies have investigated the efficacy of amoxicillin/clavulanate against drugresistant M. tuberculosis, with variable results. [39] [40] [41] [42] Our results are comparable to those that demonstrated higher MICs. Bacterial killing by b-lactams is time dependent, and it has been proposed that the best marker for bactericidality is the length of time that serum or tissue levels remain above the MIC. For penicillins in general, a free serum concentration above the MIC for at least 40% of the dosing interval predicts bacterial eradication. 43 The sustained release formulation of 2000 mg of amoxicillin/clavulanate is associated with a prolonged free AUC and a C max of about 17 mg/L (Table 3) ; it is not known to concentrate in the lungs or phagocytes. 44, 45 Our data, documenting an MIC 90 of amoxicillin of 32 mg/L, suggests that this dosage of amoxicillin/clavulanate will not be highly efficacious in the treatment of drug-resistant TB.
In vitro mouse models have suggested the same. 41 There are other data, however, that suggest a synergistic effect between amoxicillin/clavulanate and meropenem, 42 and this merits further investigation.
Meropenem/clavulanate
Meropenem has previously been investigated in laboratory studies of drug-resistant isolates of M. tuberculosis, [46] [47] [48] and our results, with an MIC 90 of 8 mg/L, are comparable to investigations that have looked at the combination of meropenem/clavulanate. Meropenem can achieve a high C max after intravenous administration (Table 3) , substantially higher than the MICs that we documented. But with a reported half-life of 1 h, two to three times daily dosing would be required to maintain serum levels persistently above MICs. Small clinical trials have produced in vivo evidence of the effectiveness of intravenous meropenem/clavulanate, 49, 50 but the frequency of dosing would probably require inpatient management. A case series documenting the clinical effects of novel regimens that contain ertapenem, a newer carbapenem compound that requires once daily dosing, demonstrated impressive results. 51 Our results support additional clinical investigation.
Nitazoxanide
The activity of nitazoxanide against laboratory and clinical strains of M. tuberculosis has been investigated previously, 52, 53 and is thought to be both dose and time dependent; in previous studies, no evidence of resistance was observed. Our findings are directly comparable to those previously reported, with an MIC 90 of 16 mg/L. The plasma levels of nitazoxanide are not measurable, but levels of the two main metabolites, tizoxanide and tizoxanidegluconurate, can be measured. While there are no recommended PK/PD parameters for nitazoxanide, the combined plasma C max levels at standard dosing (500 mg twice daily) of the two measurable metabolites exceed the MICs reported here (Table 3) . Nitazoxanide has also been given safely at higher doses (up to 2000 mg twice daily), and has boosted levels when given in a fed state. 54 Furthermore, research has suggested that nitazoxanide works in vivo in various ways: by a direct bactericidal effect, by inhibiting regulation of cell metabolism and by inducing autophagy at standard dosing; 55 this latter mechanism may render nitazoxanide even more effective in vivo than in vitro.
Linezolid
A growing volume of laboratory data on the effect of linezolid against drug-resistant M. tuberculosis has been documented, with virtually all studies demonstrating efficacy. 39, 48, [56] [57] [58] The effect of linezolid is time dependent, and the bactericidal effect of linezolid is thought to be best indicated by either the time serum levels remain above the MIC or a high free AUC:MIC. The free AUC:MIC ratio recommended against Staphylococcus aureus is .80, 59 but a comparable value has not been determined for activity against M. tuberculosis. The MICs we documented are well below serum levels that are easy to maintain, and below the proposed critical concentration recommended for DST of M. tuberculosis on agar (1 mg/L). 27, 48 Given the compelling laboratory data and some observational studies, linezolid has moved into clinical use, and has been increasingly used for the treatment of drug-resistant TB. Findings suggest improved outcomes, but with a notable rate of adverse events. 25, 60 Given the laboratory efficacy, some have recommended clinical investigation of lower doses in the treatment of TB to diminish adverse events; 61 our data support these recommendations. Additional clinical efficacy and PK/PD data will help refine laboratory indicators of clinical success.
Oxyphenbutazone
We were prompted to test isolates of M. tuberculosis against oxyphenbutazone by a recent study that reported no effect of oxyphenbutazone in liquid culture, but low MICs when tested on agar plates (10 mg/L). 62 That study documented mycobactericidal activity of oxyphenbutazone against only non-replicating organisms. In a mildly acidic environment (pH 5.0), oxyphenbutazone was readily metabolized to 4-OH-oxyphenbutazone, which was mycobactericidal to both non-replicating and replicating organisms. We found that oxyphenbutazone had a wide range of MICs when testing was conducted at a pH of 6.1, with an MIC 90 of 60 mg/L. This extends the previous work, demonstrating in vitro efficacy of this agent in less acidic environments. PK/PD data on oxyphenbutazone and other non-steroidal anti-inflammatory drugs are limited, and higher doses can be harmful; additional research is needed to determine the clinical utility of these agents. 63 
Isoniazid
As the value of isoniazid for treating TB is well established, it was included in the study primarily because of interest in the meaning of susceptibility or resistance at multiple critical concentrations. Critical concentrations for isoniazid have been established for both low-and high-level resistance and our data clearly demonstrate the anticipated resistance. 64 We observed that among the isolates defined as resistant according to established criteria (0.2 mg/L on agar plates), a remarkable 50% had an MIC of 4.0 mg/L. Serum levels above this are readily achieved with high-dose isoniazid, 65 suggesting that a large proportion of MDR-TB patients may benefit. This is consistent with reports demonstrating the effectiveness of shorter regimens that included moderately highdose isoniazid.
66-68
Limitations
Our findings are limited to laboratory data of isolates, generally derived from second-generation subcultures, the populations of which may have varied from the original. Because we do not have correlating PK/PD data on the various drugs we investigated, we cannot reach conclusions about the clinical use of these drugs. Furthermore, laboratory data using REMA for these drugs are limited and the assay has not been extensively validated for these drugs; the recommendations we make are extrapolations from previous data demonstrating the correlations between REMA and the reference method, and it is uncertain how applicable they are to these drugs, especially oxyphenbutazone, which requires a particular culture environment. Drug activities measured by REMA likely reflect the extracellular activity of the drugs, but the overall effectiveness of a drug is influenced by many factors, including intracellular drug concentrations and activity in environments at varying levels of acidity and varying O 2 tensions; therefore any assumptions about the clinical effect derived from MICs are necessarily limited.
Conclusions
By investigating the feasibility of available drugs, MIC findings can help prioritize drugs for further laboratory and clinical research. Our findings provide laboratory data about the bactericidal effect of certain routinely available drugs against MDR M. tuberculosis isolates under extracellular conditions. In particular, trimethoprim/ sulfamethoxazole, meropenem/clavulanate, linezolid, clofazimine and nitazoxanide had MICs that were below achievable serum levels or have putative mechanisms of action that suggest enhanced potency in vivo, and all of them are available and have been widely used. Of the many 'off-the-shelf' drugs anecdotally reported to have anti-TB activity, clinical investigations of these five drugs should be prioritized.
